Background and Purpose: Nitric oxide has been implicated as a mediator of glutamate excitotoxicity in primary neuronal cultures.
E xperiments in primary neuronal cultures implicate nitric oxide (NO) as a mediator of glutamatergic neurotoxicity acting via N-methyl-Daspartate (NMDA) receptors.' Brain NO synthesis from L-arginine is catalyzed by the enzyme nitric oxide synthetase (NOS). Brain NOS is a reduced nicotinamideadenine dinucleotide phosphate (NADPH)-and Ca'/ calmodulin-dependent flavoenzyme2,3 that may be inhibited by a variety of L-arginine analogues such as N0-nitro-L-arginine (N02-Arg). 4 Recently, evidence implicating NO in focal cerebral injury in mice5 and 7-day-old rat pups6 has been reported. If NO is indeed a mediator of ischemic injury, it should be possible to demonstrate that NO production is increased in ischemic brain. The lability of NO gas in living systems has thus far precluded its direct measurement in brain and other tissues. NO production in a variety of intact living systems, such as macrophages7 and cerebellar slices, [8] [9] [10] has been inferred by measurement of nitrite (NO2-), nitrate (NO3-), and cyclic guanosine monophosphate (cGMP) in the absence and presence of potent and selective inhibitors of NOS.
See Editorial Comment, page 1716
Nitrite and nitrate are the major stable metabolites of NO under aerobic conditions, and NO has been shown to activate brain guanylate cyclase, leading to cGMP production.11" 2 In the present study, we have examined brain nitrite, cGMP, and NOS activity ex vivo during the first hour of focal cerebral ischemia, using a rat model of bilateral carotid/unilateral middle cerebral artery (MCA) occlusion. We found changes in these quantities that are best explained by a transient increase in NOS activity and NO production in ischemic regions of the brain. Further measurements of nitrite and cGMP in animals pretreated with N02-Arg suggest that the production of NO and cGMP is mediated by NOS.
Materials and Methods Materials
All materials were of the highest purity available and were obtained from Sigma Chemical Co, St Louis, Mo, unless otherwise specified.
Animal Surgery and Animal Tissue Processing
Male Wistar rats weighing 250 to 350 g were anesthetized with an intraperitoneal injection of chloral hydrate (400 mg/kg). Both carotid arteries were isolated but not occluded with a 4.0 silk tie, with preservation of the vagus nerve. Middle cerebral artery occlusion (MCAO) was performed using a modification of techniques described by Tamura et al. 13 With the animal in the left lateral decubitus position, an oblique incision was made between the inferior margin of the orbit and the tragus. The exposed temporalis muscle was dissected from the cranium to reveal the inferotemporal fossa. After removal of the coronoid process of the mandible, a craniectomy was made using a saline-cooled electric drill (Mototool; Dremel, Denver, Colo). The Whole brain nitrite levels were measured by a fluorometric method.14 Briefly, 1.5 mL of brain sonicates prepared as described above were centrifuged at 14 000 rpm for 10 minutes at 4°C in an Eppendorf microcentrifuge. One milliliter of the supernatant was withdrawn and subjected to nitrite analysis; 0.5 mL of 0.04% (wt/ vol) 4-hydroxycoumarin in 1:1 (vol/vol) dimethylformamide/2N HCl was added, and the mixture was incubated for 5 minutes at 0°C. Then, 50 uL of 8% (wt/vol) sodium thiosulfate was added, followed by a 5-minute incubation at room temperature. Next, 0. The mixture was applied to a Dowex AG50WX-8 (Na+ form) column preequilibrated in water and the column eluted with 2.0 mL of water. The entire flow-through (4.0 mL) was counted by liquid scintillation spectrometry at 49% efficiency. The counts per minute of "sample" less "blank" is a measure of L-NMMA-sensitive conversion of (3H)L-arginine to (3H)L-citrulline by NOS.
Protein Assay
Protein was assayed by the method of Bradford,15 using bovine serum albumin as an external standard.
Statistical Analysis
Right and left brain regions were compared by twotailed, paired, Student's t test of log-transformed data.
Comparisons of brain regions at different times of ischemia were done by one-way analysis of variance (ANOVA) of log-transformed data. Linear curve fits were done by unweighted least squares. Nonlinear curve fits were done by best (third-degree) spline curve fitting using commercially available software (Delta Graph Professional, Delta Point).
Results

Brain Nitrite Levels After Middle Cerebral Artery Occlusion
Nitrite ion is the major breakdown product of NO under aerobic conditions. Nitrite is then slowly oxidized to nitrate, which is then excreted from the body. Control experiments (data not shown) indicated that nitrite is stable for more than 3 hours at 37°C when incubated with brain homogenates. We reasoned that, over the time course of these experiments (less than 1 hour), nitrite levels are more likely to change than nitrate levels. Using the fluorometric method of (Fig 1B) .
When a percent side-to-side disparity was calculated in each animal using the formula [(Value) ipsi-(Value) contra]/(Value) contra x 100% and then averaged, we found a significant nitrite concentration disparity at 5, 10, and 20 minutes compared with 0 minutes (Fig 1C) . No significant disparity in nitrite concentrations was observed in the cerebellum. There was no rise in nitrite concentrations in sham-treated animals ( Table 1 ). Brain Cyclic GMP Levels After Middle Cerebral Artery Occlusion
There was a substantial (approximately fivefold) increase in cGMP in both cortex and cerebellum, which was more markedly increased in the ipsilateral cortex at 10, 20, and 60 minutes (Fig 2) . Unlike nitrite, which returned to baseline by 60 minutes, changes in cGMP were sustained. On the right cortex and cerebellum, cGMP concentrations at 10, 20, and 60 minutes were significantly increased when compared with 0 minutes of ischemia by single-factor ANOVA (P<.05). There were also statistically significant differences in right versus left cortical cGMP concentrations at 10, 20, and 60 minutes but not in the cerebellum. Similar conclusions are reached when the data are analyzed by percent disparity. There was no elevation in cGMP in shamoperated animals.
Percent ipsilateral/contralateral disparities in levels of nitrite and cGMP were, on a rat-by-rat basis, strongly positively correlated in cerebral cortex; representative data after 20 minutes of MCAO are shown in Fig 3. Significant positive correlation was also found at 10 minutes but not in the cerebellum at any time point examined (data not shown).
Effect of Pharmacologic Blockade of Nitric Oxide Synthase on Brain Nitrite and Cyclic GMP Levels
If the observed changes in nitrite and cGMP levels reflect consequences of NOS-catalyzed de novo synthesis of NO from L-arginine, then pharmacologic inhibition of NOS should block changes in both. We pretreated rats with either N02-Arg or vehicle (see "Materials and Methods") and then subjected them to MCAO for 10 minutes. Brain nitrite and cGMP were determined (Tables 1 and 2 , respectively). Pretreatment of animals with N02-Arg abolished the increase of both nitrite and cGMP at 10 minutes, which suggests that these increases are mediated by NO production via NOS. Interestingly, the nitrite concentration in ipsilateral cortex was lower than that in contralateral cortex in drug-treated animals (P=.028) and lower than that in ipsilateral cortex in placebo-treated animals (P=.016) ( Table 1) . Furthermore, although nitrite was slightly higher on the contralateral side at 10 minutes in drugversus placebo-treated animals, this was not statistically significant.
Vehicle injections in control animals did not block the observed increases in nitrite and cGMP. In addition, there were no significant differences between vehicletreated animals and those with no treatment (Tables 1  and 2 ).
Brain Nitric Oxide Synthase Activity After Middle Cerebral Artery Occlusion
Taken together, the changes in brain nitrite and cGMP, their correlation, and the abolition of these changes by NOS inhibition are best explained by a transient differential activation of brain NOS after MCAO. If such activation involves an enduring change in NOS activity such as might be conferred by phosphorylation or dephosphorylation, it might be possible to detect changes in NOS activity ex vivo after MCAO. Accordingly, we measured NOS activity in ipsilateral and contralateral cerebral cortex and cerebellum 0, 10, 20, or 60 minutes after ischemia (Fig 4) . We found that brain NOS activity was significantly increased in ipsilateral cortex at 10 and 20 minutes compared with 0 minutes of MCAO. There was a 10-fold increase in NOS activity at 10 minutes, which decreased dramatically by 60 minutes. We also found significant side-toside differences at 20 minutes (P<.05, ANOVA) and a trend toward significance at 10 minutes (P<.1, ANOVA). No significant side-to-side changes were detected in the cerebellum.
Discussion
The major finding of the present study is that NO production is rapidly and transiently increased in ischemic cerebral cortex after focal cerebral ischemia. Several lines of evidence lead to this conclusion: (1) though glutamate production has been found to be increased in some animal models of ischemia,16,17 changes in NO in ischemic cerebral tissue have not been examined. The burst of NO production that apparently occurs in the first few minutes of focal ischemia may be the result of increased glutamate release and may, in itself, be responsible for the neuronal damage attributed to excitatory neurotransmitters during ischemia. NO, in turn, has been proposed to cause damage to tissues by combining with the superoxide anion to form peroxynitrite anion, which can decompose to highly toxic hydroxyl and nitrogen dioxide radicals. '8'19 There is mounting evidence that NO may be responsible for regulating or at least modulating cerebral blood flow. NOS inhibitors have been shown to block neurally induced vasodilation,2021 and NOS immunoreactivity has been found in adventitial fibers of many blood vessels. 4 In the left cortex, sufficient blood flow may be present to explain the apparently unchanged levels of nitrite.
We found a striking activation followed by an equally striking inactivation of NOS after MCAO, and we propose that this accounts for the NO burst after ischemia. At least two mechanisms can be invoked for NOS activation after MCAO 
